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Abstract 
 

Innate defensive behaviors are crucial to animal survival and are believed to be 

genetically encoded due to the consistency across species. However, the underlying molecular 

mechanisms remain unknown. Previous studies have shown that predator odor 2,4,5-

trimethyl-3-thiazoline (TMT) and its potent analogue 2-methyl-2-thiazotine (2MT) elicit 

robust innate defensive behaviors in naive mice. Here, we conducted a large-scale recessive 

genetics screen based on innate defensive responses to 2MT in ethylnitrosourea (ENU)-

mutagenized mice.  We found that Trpa1, a receptor that senses pungent compounds, is 

involved in TMT, 2MT, and snake skin-evoked innate defensive responses. Trpa1-knocknout 

mice (Trpa1 KO) were also unable to activate known fear/stress brain centers upon 2MT 

exposure, despite their apparent ability to smell and learn to fear 2MT. Moreover, in vitro 

calcium influx tests indicated that Trpa1 acts as a chemosensor for 2MT and TMT. 

Interestingly, we found trigeminal ganglia (TG) neurons were highly activated during 2MT 

exposure. Unilateral lesion of TG reduced innate freezing and TG specific AAV-Trpa1-

expression restored freezing behavior in TRPA1 KO mice under 2MT exposure. Our results 

indicate that TRPA1-mediated nociception plays a crucial role in predator odor-evoked innate 

defensive behaviors. The work established the first forward genetics screen to uncover the 

molecular mechanism of innate fear, a basic evolutionarily conserved emotion. 
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Figures 
	  
Figure 1 Large Scale Forward Genetic Screening and the Identification of the 
Trpa1 Gene 
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A. Recessive screening scheme of development of ENU generated mouse lines. ENU 

caused random mutation in G0 mice which were mated with wild type B6 female to 

produce G1 generation, which will be screened with 2MT freezing behavior and 

exome sequenced. The mutated germline will be passed to G2 and the female of G2 

will be back crossed with G1 males to generate G3. All G3 offspring will undergo 

2MT screen as well as genetic sequencing. Finally, the genotype of interested will be 

identified based on phenotypes. 

B. The freezing rate to 2MT of the fearless pedigree in wild type control (black dots), 

reference control with the same genetic background as ENU mice (black triangle), 

heterozygous ENU mice (blue square) and homozygous phenovariants (red diamond). 

C. Manhattan Plot analysis indicating the causal mutation in chromosome 1 in Trpa1 

gene result to freezing behavior phenotype (p=2.13 X 10-11). Horizontal yellow and 

blue lines represent P values less than 0.05 with and without Bonferroni corrections 

respectively. 

D. Representation of causative T to C point mutation identified by sequencing REF, HET, 

and VAR mice. 

E. Schematic of partial exon/intron structure of Trpa1 gene.  

F. Qualitative, RT-PCR analysis showing diminished Trpa1 expression in ENU 

Trpa1frl/frl mice. Pgk1 and Trpv1 used as controls. 

G. Quantitative RT-PCR analysis of Trpa1 Expression in ENU Trpa frl/frl mice compared 

to heterozygote and wild type littermates. Data presented as means ± SEM. Calculated 

using Student’s t-test between each pair of groups.  P value < 0.001=***. N=4. 

H. Schematic of the Trpa1 structural domains. The T to C point mutation caused the stop 

codon in the linker domain and caused the decay of Trpa1 mRNA by nonsense 

mediated decay. 

Initial screens performed by Liqin Cao, YiBing Wang, and KeJia Wu.   
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Figure 2 Trpa1-/- Mice Has Decreased 2MT Induced Innate Defensive 
Behaviors.  
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A. Freezing rate of wild type (black dots), Trpa1+/- (blue squares) and Trpa1-/- (red 

triangles) mice under 2MT exposure.  Data presented as means ± SEM. P value < 

0.001=*** ns = not significant.  Calculated using one-way ANOVA. 

B. Freezing rate of Wild type mice (black dots), heterozygous Trpv1+/- mice (blue 

squares), and Trpv1-/- mice (red triangles) under 2MT exposure.  Data presented as 

means ± SEM. ns = not significant.  Calculated using one-way ANOVA. 

C. Plasma concentrations of the stress hormone corticosterone in Trpa1+/- and Trpa1-/- 

mice after exposure to 2MT or distilled water for 20 min.  Data presented as means ± 

SEM. P value <0.01= ** ns= not significant. Calculated using two-way ANOVA. N=6. 

D. Representative motion tracks in Trpa1+/- and Trpa1-/- mice after exposure to 1.05 X 

10-6 mole of 2MT in test cage.  Filter paper position indicated by black box. 

E. Quantitative analysis of freezing, risk assessment, flight times, and investigation be-

haviors of Trpa1+/- and Trpa1-/- mice to low doses 2MT.  Data presented as means ± 

SEM.  P value < 0.05= * P value <0.01= ** P value < 0.001=***. Calculated using 

Student`s t-test. N=7. 

F. Representative images of Trpa1+/- and Trpa1-/- mice in the snake skin-evoked innate 

fear assay in home cage. 

G. Quantitative analysis of freezing, risk assessment, avoidance, flight times, and investi-

gation behaviors of Trpa1+/- and Trpa1-/- mice to snake skin. Data presented as 

means ± SEM. P value <0.01= ** P value < 0.001=***. Calculated using Student`s t-

test. N=6. 

H. Representative images of c-fos mRNA in situ hybridization of the central nucleus of 

amygdala (CeA), paraventricular nucleus of hypothalamus (PVN), ventral periaque-

ductal gray (vPAG), olfactory bulb (OB), and cortical amygdala (CoA). Regions of the 

brains in the Trpa1 +/- and Trpa1-/- mice exposed to 2MT. Bar: 100µm. 

I. Quantification of c-fos positive neurons in the CeA, PVN, vPAG, OB and CoA if 

Trpa1+/- and Trpa1 -/- mouse brains. The relative measure (%) of c-fos signals of 

Trpa1-/- samples is normalized to those of Trpa1+/- controls. Data presented as means 

± SEM. P value <0.01= ** P value < 0.001=*** ns not significant. Calculated using 

Student`s t-test. N=4. 

Initial screens performed by Liqin Cao, YiBing Wang, and KeJia Wu.   
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Figure 3 Trpa1 Ion Channel is Directly Activated by Thiazoline Chemicals. 
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A. Calcium influx in HEK293T cells transfected with Trpa1-P2A-mCherry plasmids to 2MO, 

2MT and TMT. The calcium influx was measured by Fura2 fluorescence ratio in Calcium 

imaging compared to time 0. Data presented as means. Standard error bars omitted for 

clarity.  N=3. 

B. Calcium influx in HEK293T cells transfected with different Trp channels and Trpa1 from 

different species response to 2MT. Data represents means of samples. Standard error bars 

omitted for clarity.  (m=mouse, r=rat, h=human). N=3. 

C. Calcium influx in HEK293T cells transfected with different Trp channels and Trpa1 from 

different species response to TMT. Data represents means of samples. Standard error bars 

omitted for clarity.  (m=mouse, r=rat, h=human) N=3. 

D. Calcium influx in HEK293T cells transfected with Trpa1 channels carrying cysteine to 

serine mutations in different cysteine residues response to 2MT. The maximum Fura2 flu-

orescence ratio compared to baseline at time 0 is taken for each group. N=3 Data pre-

sented as means ± SEM normalized to WT. Pairwise comparisons were made for each 

group to WT. P value < 0.05= *.  P value <0.01= ** P value < 0.001=***.  Calculated using 

two tailed unpaired Student`s t-test, controlled by Bonferroni correction for multiple com-

parisons. 

E. Calcium influx in HEK293T cells transfected with Trpa1 channels carrying cysteine to 

serine mutations in different cysteine residues response to TMT. The maximum Fura2 

fluorescence ratio compared to baseline at time 0 is taken for each group. N=3 Data pre-

sented as means ± SEM normalized to WT. Pairwise comparisons were made for each 

group to WT. P value < 0.05= *.  P value <0.01= ** P value < 0.001=***.  Calculated us-

ing two tailed unpaired Student`s t-test, controlled by Bonferroni correction for multiple 

comparisons. 

F. Schematic of pull down assay. In vivo labeling of transfected HA-Trpa1 with alkynyl-

TMT followed by biotin conjugation via click chemistry and streptavidin pull down.   

G. Immunoblot showing that alkynyl-TMT, but not TMT could pull down HA-Trpa1. 

H. Alkynyl-TMT pulled down C415 mutant Trpa1 less efficiently than WT Trpa1 from 

transfected HEK293T cells, indicating impaired covalent binding in the cysteine to serine 

mutant. 

Calcium imaging performed by Greg Asher.  Streptavidin pull down performed by YiBing 

Wang. 
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Figure 4 Trpa1-/- Mice Exhibit Similar Olfaction Functions To Wild Type Mice 
as Well as the Ability of Learned Fear Responses. 
	  

	  

	  
	  

a	  
b	  
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A. Schematic of cookie finding assay.  

B. The time latency of finding the cookies under the bedding in wild type (Trpa1 +/+), 

heterozygous group (Trpa1+/-) and homozygous (Trpa1-/-). Data presented as means 

± SEM. ns=not significant. Calculated using one-way ANOVA. 

C. Habituation-dishabituation test showing the investigation time of Trpa1+/- mice and 

Trpa1-/-.mice spend on filter papers. Mice exposed to filter paper containing distilled 

water for 4 trials and followed by 2MT on trial 5. On the second test, repeating first 4 

water treatment followed by slight higher concentration of 2MT on trial 5. Data 

presented as means ± SEM.  P value <0.01=** ns= not significant. Calculated using 

Student`s t-test. N=6 for left graph with dose below threshold of detection. N=4 for 

graph on right with 2MT dose above threshold.   

D. Dual odor based learned fear assay on Trpa1+/frl mice and Trpa1frl/frl mice by 

conditioning anisole with electric foot-shock and eugenol is negative control.  Data 

presented as means ± SEM. P value < 0.001=***. ns = not significant. Calculated 

using two-way ANOVA. N=10.  

E. Freezing rate towards 2MT of conditioned (red) and unconditioned (black) Trpa1-/- 

mice. Data presented as means ± SEM. P value < 0.001=***.  Differences between 

groups for each time period calculated using Student`s t-test. N=6.  

F. Trpa1-/- mice show statistically equivalent time spent in the center and periphery of an 

open field as well as entries into the areas and distance traveled as their Trpa1+/- 

littermates. 

G. Trpa1-/- mice show statistically equivalent time spent in the open and closed arms of 

an open field as well as entries into the areas and distance traveled as their Trpa1+/- 

littermates. 

Initial screens performed by Liqin Cao, YiBing Wang, and KeJia Wu.   
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Figure 5. The Expression of Trpa1 mRNA in Mouse Intestine and TG. 
 

	  
	  

 

A. In situ hybridization of Trpa1 mRNA in the gastrointestinal enteroendocrine cells (EEC) 

(arrow head) in the regions of duodenum, and the enlarged image of the red square 

region. Scale bar: 20 µm. 

B. In situ hybridization of Trpa1 mRNA in the trigeminal ganglion. Cells expressing Trpa1 

are marked with arrow head, and enlarged image in the square area. Scale bar: 20 µm. 
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Figure 6. In situ Hybridization of Trpa1 mRNA in the Trigeminal Ganglion.  
 

	  
 

Images showing that Trpa1 mRNA is significantly reduced in the trigeminal ganglia 

(TG) of Trpa1 frl/frl mice as compared to Trpa1frl/+ mice. Antisense Trpa1 probe (upper); 

Sense probe (lower). Inset is the magnified images showing Trpa1 expression (purple). 

Bar: 50 µm. 
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Figure 7. Heterozygous ENU Mouse TG Were Activated Upon Exposure to 
2MT and Activity Was Diminished in Homozygous Knock Out Mouse TG. 
 

	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  

 

A. c-fos IHC in heterozygous ENU TG sections after exposure to water (left) and 2MT(right) 

with the enlarged area in the square. 

B. c-fos IHC in homozygous ENU TG sections after exposure to water (left) and 2MT (right) 

with the enlarged area in the square. The positive c-fos signals are marked with arrowhead. 

Scale bar: 100µm. 

C. Quantification of the absolute c-fos number in Trpa1+/frl and Trpa1frl/frl mouse TGs.  

	  
	  
	  
	  
	  
	  
	  

	  
	  
	  
	  
	  

 

A	  

B	  
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Figure 8. Trpa1+/frl TG Trpa1 Expressing Cells Were Activated After 2MT 
Treatment.  
 
 

	  

	  
 

A. Double staining on Trpa1+/frl mouse TG after 2MT exposure. Squared cells are enlarged 

on the right lane as B,C and D. Scale bar: 20µm. 

B. An example cell expressing both Trpa1 mRNA (blue) and c-fos (brown). Scale bar: 5µm. 

C. An example cell expressing only Trpa1(blue). 

D. An example cell expressing only c-fos(brown). 

E. Another double staining on Trpa1+/- TG after 2MT treatment. Scale bar: 10µm. 

F. Quantification and the percentage of the cells co-expressing Trpa1 mRNA/c-fos and c-

fos/Trpa1 mRNA. 

	  
	  
	  
	  

	  
	  

E	   F	  
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Figure 9. Unilateral TG Lesion Decreased the Freezing Rate of Mice Under 
2MT Exposure. 

	  

	  
 

A. Schematic of the TG surgery. An electrode was inserted into one of the TG tissues and 3 

electric shocks were performed at 3 sites to damage the TG.  

B. Hematoxylin and eosin staining of the control side and lesion side trigeminal ganglia of 

wild type mouse after unilateral lesion (ulTGx).  

C. Representative images showing c-fos ISH signals in the Sp5 regions of ulTGx mice after 

2MT exposure. Enlarged images of the control (white arrow) and lesion sides (black ar-

row) are shown in the lower panels. Scale bars are 100 µm in (B) and (C).  

D. Quantitative analysis of c-fos ISH signals in the Sp5C regions of the control and lesion 

sides of ulTGx mice after 2MT exposure. Data are presented as mean ± SEM (n=8, Stu-

dent’s t-test, ** P < 0.01).  

E. Quantitative analysis of 2MT-evoked freezing behavior in the sham (black) and ulTGx 

(red) mice. Data are presented as mean ± SEM (n=8, Student’s t-test, **  P < 0.01, ***  P 

< 0.001).  

F. Quantification of average freezing rate in the sham (black) and ulTGx (red) mice during 

10 minutes of 2MT treatment. Data are presented as mean ± SEM (n=8, Student’s t-test, *  

P < 0.05). 
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Figure 10. Ectopically Expressing Trpa1 in the TG of Trpa1-/- Mice Restored 
the 2MT Induced Freezing Rate.  
 
	  

 
A. Schematic of bilateral TG injection of adeno-associated virus carrying Trpa1 and the GFP 

control. 

B. Representative IHC images of AAV-GFP-infected TG sections of Trpa1-/- mice. GFP 

(green), c-Fos (red) and DAPI (blue). 

C. Representative images of double Trpa1/c-Fos staining of AAV-TRPA1-infected TG sec-

tions of Trpa1-/- mice. Trpa1 ISH (Purple) and c-Fos IHC (brown). Arrowheads indicate 
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double Trpa1/c-Fos positive TG neurons. Insets are high magnification images. Scale bar 

is 20 µm. 

D. Time course of 2MT-evoked freezing behavior in the AAV-GFP (black) and AAV-

TRPA1 (red) injected mice. Data are presented as mean ± SEM (n=6, Student’s t-test, **  

P < 0.01).  

E. Quantitative analysis of 2MT-evoked freezing behavior in the AAV-GFP (black) and 

AAV-TRPA1 (red) injected mice. Data are presented as mean ± SEM (n=6, Student’s t-

test, **  P < 0.01).  
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Introduction 
	  

Innate Fear 
	  

Innate behavior is unlearned, stereotypic, and heritable (Blanchard, 2001), (LeDoux, 

2012), (Mauss, 2009) and is often critical for survival. Related to those innate behaviors, fear 

is an emotion induced when animal is experiencing a dangerous situation, and several 

standard behaviors such as flight-and-fight, or freezing can be observed across animal species 

(Blanchard, 2001). Fear can be broadly divided into innate and learned fear (Gross, 2012).  

Learned fear forms when the animal experiences danger and fear in certain situation, and 

when they later receive a cue which is similar to the previous experience, the fear responses 

will reoccur. Post-traumatic stress disorder, for example, is one of the most prevalent fear 

related diseases in modern society. Pavlovian conditioning is a classical model to study 

learned fear. By pairing a neutral stimulus such as tone, odor, or a visible object, with an 

unpleasant stimulus such as electric foot-shock or LiCl, a chemical induces unpleasant pain, 

until the model organism exhibits fear behavior in response to the previously neutral stimulus 

alone (Rogan, 1997). Studies using conditioned fear animal models have revealed the 

amygdala to be a critical brain region regulating fear response and perception. The 

conditioned stimuli send the signals to the representative thalamic regions, and the signals 

project to the lateral amygdala, then on to the central amygdala, to generate the perception of 

the emotion fear.  

In mouse studies, lesions to the Baso-Lateral Amygdala can diminish responses to 

conditioned fear, but do not diminish innate fear induced by TMT (Rosen, 2008), while 

lesions to the medial amygdala could diminish freezing responses during exposure to live 

predators (Martinez, 2011). The Kobayakawa group found that immediate early gene 

expression such as c-Fos and arc mRNA, common markers of activity in neurons (Chaudhuri, 
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1997), is unregulated in the Baso-Lateral Amygdala upon exposure to conditioned fear 

odorants and unregulated in the Medial Amygdala in response to innate fear inducing 

odorants, and also found significantly increased expression of arc mRNA in the central 

amygdala after 2MT exposure, further supporting neural activity in the central amygdala as an 

indicator of innate fear (Isosaka, 2015). It is also suggested that the Central Amygdala then 

send the signals to several different downstream brain regions in charge of different behavior 

output such as periaqueductal gray (PAG) for freezing behavior, lateral hypothalamus (LH) 

for changing of blood pressure, and the paraventricular hypothalamus (PVN) for secretion of 

stress hormones (Medina, 2002), (Tovote, 2016).   

By contrast, innate fear requires no prior training or conditioning (Isosaka, 2015), 

(Yang, 2016). Laboratory mice exhibit freezing behavior and other signs of fear upon their 

first exposure to predators or predator scents despite being separated from their wild predators 

for generations (Rosen, 2008).  Innate fear responses can be induced by different stimulations 

such as visual stimulation and odorant stimulation. A fast expanding shadow mimicking the 

approach of the predator induced flight behaviors to the refugee of mice, whereas a sweeping 

dot above induced freezing behavior in mice (De Franceschi. 2016), (Yilmaz, 2013), (Shang, 

2018).  This visual stimulation is regulated mainly in the superior colliculus (SC), containing 

different subgroups responding to different size and moving patterns from the signals of retina 

receptors (Shang, 2018). Theoretically, rodents dependent on the olfaction sensation more 

than visual system since there are more than 1000 genes involved in olfaction, yet they can 

distinguish black-and-white stripe patterns only about 100 times as coarse as we can 

(Mombaerts, 2017), (Mu¨ nch, 2013). Studies have suggested that innate fear stimuli are more 

highly prioritized than learned fear by testing where food deprived mice must choose from 

which of two odors to expose themselves to while eating on an elevated Y maze, innate fear 

stimuli are more likely to be avoided than learned fear odors (Isosaka, 2015). Moreover, the 
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behaviors induced by innate fear cues are stronger and faster than learned fear. Studies on 

animals exposed to predator cues such as looming stimuli mimicking the sweeping and 

expanding shadows of birds of prey flying induced immediate freezing and avoidance 

behaviors in mice (Franceschi, 2016). However, unlike the understanding of learned fear, the 

molecular and genetic basis of predator-odor evoked innate fear remained largely unknown.   

2,4,5-trimethyl-2,5-dihydro-1,3-thiazole (TMT) and 2-methyl-2-
thiazoline (2MT) 
 

 The predator odor, or kairomone, 2,4,5-trimethyl-2,5-dihydro-1,3-thiazole (TMT), an 

odorant isolated from fox feces, has been widely used to evoke innate fear responses, such as 

freezing and risk assessment behaviors in rodents (Kobayakawa, 2007), (Rosen, 2008), 

(Fendt, 2008).  TMT has been widely used in fear related studies because TMT is a pure 

chemical, which means it can be synthesized easily, and its concentration can be precisely 

controlled unlike other natural predator cues such as cat hairs, which introduce variables 

depending on the species, gender and the age of the animals (Papes, 2010). The synthetic 

analog 2-methyl-2-thiazoline (2MT) was recently found to more robustly and consistently 

induce freezing behaviors (Isosaka, 2015). Predator odor induced fear behavior has provided 

us a robust platform for distinguishing different fear phenotypes, which has a great potential 

for a successful fear related screening.  

	  

The Sensation of Predator Odor 
 

It is widely believed that the olfactory system is in charge of the main sensation of 

odorants.  The olfactory epithelium can be divided ventral neurons and dorsal neurons which 

are sub-divided into class I and class II olfactory sensory neurons (Kobayakawa, 2007).  

Previous studies have sought to identify the sensor of TMT by looking into specific subtypes 
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of olfactory receptor expressing cells in the olfactory epithelium (Jiang, 2015), (Root, 2014), 

(Kobayakawa, 2007). Ablating either dorsal or class II neurons via Cre-inducible diphtheria 

toxin could diminish the avoidance response to TMT.  However, mice lacking dorsal zone 

olfactory neurons could still be trained to avoid TMT by Pavlovian conditioning 

(Kobayakawa, 2007), suggesting that the detection of TMT might involve multiple receptors 

or different somatosensory systems. In a subsequent study, 5 candidate TMT sensing olfactory 

receptors were identified that were both expressed in the dorsal olfactory epithelium and 

responded to TMT in vitro (Jiang, 2015), other studies showed activation of olfactory 

receptors expressing Olfr1019, could induce immobility, but Olfr1019 knockout mice show 

only partially diminished freezing to 2MT (Saitoh, 2017). Other groups have proposed the 

potential roles of cells in the Gruenberg ganglia, with 300 to 500 cells on the side of the 

mouse nasal septum projecting to the olfactory bulb, as well as the possibility of trigeminal 

ganglia involvement, a structure with axon projections in the nasal cavity (Galliot, 2012), 

(Brechbuhl, 2013), (Fendt, 2008), (Fuss, 2005), (Schmid, 2010). However, one odorant can 

activate more than one olfactory receptor, and one olfactory receptor can be activated by 

multiple chemicals (Malnic, 1999). The actual receptor of TMT and its downstream neural 

pathway has not been conclusively identified or studied.  

The Trigeminal System 
 

The trigeminal system conveys information of mechanical, chemical, thermal, and 

nociceptive information from the face, conjunctiva, nasal mucosa, oral cavity, and dura mater 

(Kheradpezhouh, 2017). The nasal cavity is innervated by the ophthalmic and maxillary 

branches of the trigeminal nerve (Lang, 1989). C-fibers and Adelta fibers participate in the 

chemosensory innervation in the nasal epithelium and will be activated by high levels of 

stimulations, which induce protective response such as sneezing and apnea (Anton, 1991). 
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Stimulation of nociceptors not only activates the action potentials that transmit information to 

the brain, but can also induce the “axon reflex” that induce the releasing of neurotransmitters, 

such as substance P and calcitonin gene-related peptide (CGRP) (Lundberg et al., 1987). 

These peptides cause changes of innervated regions such as vasodilation and glandular 

secretion (Schaefer, 2002). The molecular signal transduction underlying chemical perception 

in trigeminal system is not well studied. Trigeminal ganglia send direct projections to the 

subnucleus of the spinal trigeminal nucleus (Sp5C), a region that would be activated with pain 

related responses, yet it is still unclear how the information from trigeminal ganglia induces 

pain perception and the induced behaviors.  

Trpa1 Structure, Expression, and Ligands 
	  

Trpa1 was originally identified via overexpression in lipocarcoma cell lines 

(Jaquemar, 1999). Trpa1 is a non-specific ion channel expressing in nociceptive neurons 

locate in the mucosa in various organs, It opens in response to a wide variety of pungent and 

irritating compounds such as allicin, mustard oil (allyl isothiocyanate), acrolein, 

cinnamaldehyde (Bautista, 2006), chlorine (Bessac, 2008), thiol reactive compounds 

(Macpherson, 2005) as well as iodoacetemide and formalin (Macpherson 2007) and menthol 

(Karashima, 2007), thus is believed to be a chemoreceptor of pungent materials.  Trpa1 also 

mediates calcium influx when cells are exposed to temperatures below 17◦C (Bandel, 2004).  

Structural studies have revealed Trpa1 is normally active in a tetramer, either with four 

units of Trpa1 or two each of Trpa1 and Trpv1 forming a calcium channel (Cvetkov 2011). 

There are also great differences in Trpa1 sequences and structures between species resulting 

in agonists and inhibitors occasionally differing between mice, rats, and humans (Chen, 

2009). Trpa1 readily changes conformation with the binding of various ligands and changes in 

extracellular ion concentrations (Banke, 2010), consistent with a sensor responsible for 
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sensing a variety of potential threats. As a non-specific ion channel, Trpa1 activation can be 

indirectly measured via calcium influx (Feng 2012).   

Researchers have discovered the critical binding site between the Trpa1 non-selective 

ion channel and several pungent compounds by using site-directed mutagenesis and found 

that replacing cysteines in the N terminal cytoplasmic domain with unreactive serine could 

reduce Trpa1 mediated calcium influx in response to electrophiles like cinnamaldehyde and 

acrolein (Hinman, 2006), as well as mustard oil, and iodoacetamide (Macpherson, 2007). 

Three critical cysteine residues are located in a covalent ligand binding pocket-like region 

where reactive cysteine residues C415 and C422 of one Trpa1 protein are in close proximity 

of the neighboring Trpa1 reactive cysteine C622 in the homomer (Cvetkov 2011), (Paulson, 

2015), (Takahashi, 2008).  Although much evidences have shown that Trpa1 can be a receptor 

of pungent chemicals, there is so far, no direct evidence whether Trpa1 interacts with any 

predator odor, nor the studies about Trpa1 in the sensation of fear.  

Trpa1 is richly expressed in sensory systems such as the trigeminal ganglia 

(Manteniotis, 2013), Nodose ganglion, and dorsal root ganglia as well as in the 

gastrointestinal enteroendocrine cells in the regions of duodenum. Trpa1 is also broadly 

expressed throughout the body including brain, heart, small intestine, lung, bladder, joints and 

skeletal muscles. Whole brain PCR has revealed Trpa1 expression in the CNS system, but its 

research has mostly focus on the expression in hippocampus and brain stem (Yokoyama, 

2011). In studies of Trpa1 in the hippocampus, it is suggested that Trpa1 mediates the 

interaction of cannabinoid receptor activation, and its activation increase the extracellular 

concentration of GABA, which lowers the inhibitory effect of interneurons (Nilius, 2012, 

Shigetomi 2012). In studies of the brain stem, Trpa1 is found to be expressed in the capsaicin 

sensitive and capsaicin insensitive neurons in the nucleus solitaries and it is believed to 

mediate the glutamate release in these neurons (Sun, 2009). Extensive research indicates that 
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activating Trpa1 plays a role of enhancing the excitability of circuits (Kheradpezhouh, 2017).   

Other studies also suggested Trpa1 expressing in inner ear hair cells is involved in the 

mechanical sensory functions (Nakata, 2005). Trpa1 expressing in airway non-neuron cells is 

involved in the pro-inflammatory responses such as chronic cough and asthma by being 

activated with pungent stimuli (Mukhopadhyay, 2016). Trpa1 is also suggested to have a role 

in the inflammation response and consequent hypersensitivity in various diseases such as 

cystitis (DeBerry, 2014). Trpa1 in intestine mediates the hormonal induced blood flow and 

contraction ( Kono, 2013), ( Nozawa, 2009).  

Trpa1 is mostly studied in non-mammal animal models. In Caenorhabditis elegans, 

Trpa1 is known to mediate the mechanosensory stimuli of nematodes (Kindt, 2007). In 

drosophila, Trpa1 mediates multiple sensations such as noxious cold, nociception and 

olfaction (Neely, 2011). TRPA1 is also expressed in the pit organ of snakes, which detects 

infrared light (Gracheva, 2011).  Studies have shown that Trpa1 knockout mice exhibit 

diminished responses to noxious cold, von Frey filaments, and most importantly pungent and 

irritating compounds such as mustard oil and bradykinin (Kwan, 2006).  Genetic ablation or 

chemical inhibition of Trpa1 has also been shown to diminish scratching responses to 

pruritogens (Liu, 2013). Trpa1 is believed to be important in general nociception (Story, 

2003), (Vandewauw 2013) (Julius, 2013).   

My lab obtained a significant phenotypic difference between pedigrees of N-ethyl-N-

nitrosourea (ENU)-mutagenized and wild type mice using the predator odor induced innate-

fear model (Isosaka, 2015), resulting in the success of our forward-genetic screening. With the 

combination of linkage analysis and next generation sequencing (NGS), we identified several 

promising candidate mutations, which showed abnormal innate fear responses. Among them, 

there is one pedigree with a new mutation in the Trpa1 gene. I am going to study the 

molecular and neuronal function of this gene, to investigate how it is involved in the 
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molecular regulation of emotion.	  

Large Scale Forward Genetic Fear Screen 
 

Our lab used 2MT to develop a robust innate fear assay using mice generated during a 

forward genetic screen initiated by Dr. Bruce Beutler (Wang, 2015).  Mutagenized mice were 

generated by ethyl-nitrosourea (ENU) mutagenesis (Figure 1A), both G1 and G3 pedigrees 

were sequenced and genotyped to identify the responsible genes genes.  The detailed 

screening assay is described in the Material and Methods.  

In one mutant pedigree, 4 homozygous variants of the 17 individuals in the same 

pedigree in G3 generation showed a 20-30% freezing rate in triplicate odor-based fear screens 

(Figure 1B).  The Manhattan plot of the identified pedigree implicated a homozygous 

mutation in the Trpa1 gene (p=2.13 × 10-11) (Figure 1C).  Sequencing of PCR amplified band 

fragments revealed that the Trpa1 ENU mutation is a T to C mutation (Figure 1D) that results 

in the omission of exon 15 during transcription and a frameshifted exon 16 with a premature 

stop codon, resulting in shortened unstable mRNA lacking the coding regions for the 

functionally necessary transmembrane domains which was likely degenerated by nonsense 

mediated decay (Figure 1E-H).  The heterozygotes performed statistically similar to wild type 

mice and will be refer to wild type control in the following tests.   

 

Genetic Validation of Fearless Phenotype and Trpa1 Gene 
 

To verify that Trpa1 gene was correctly identified and directly related to the fearless 

phenotypes, independently constructed Trpa1+/- mice, generated by Cre/lox excision of 

exons 22 through 24, were purchased from Jackson Labs and bred to produce homozygotes 

lacking key pore forming transmembrane domains yielding a non-functional protein (Kwan 
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2006).  The 2MT freezing tests showed independently constructed Trpa1-/- mice but not wild 

type or heterozygous littermates failed to respond freezing to 2MT and TMT (Figure 2A).  It 

is known that Trpa1 often forms functional hetero-complexes with Trpv1, which is co-

expressed in 90% of Trpa1 expressing cells (Iwasaki, 2008), (Salas, 2009), (Bessac, 2008). 

My lab also tested Trpv1 KO mice in the innate freezing assay, but Trpv1 KO mice did not 

show any diminished innate freezing responses to 2MT or TMT (Figure 2B).   

These results indicate Trpa1 is directly linked to the decrease of innate freezing 

behavior in our ENU pedigree. Trpa1-/- mice exhibited reduced plasma secretion of 

corticosterone, a hormone secreted during stress response, compared to the heterozygous 

control group (Figure 2C), and showed other signs of lessened anxiety such as reduced risk 

assessment behavior such stretch attend posture (Yang, 2004), and flight times, as well as 

increased investigation of low doses of 2MT compared to heterozygote littermates (Figure 2d-

e).  We also used natural snake skin to test the responses of Trpa1-/- mice. Trpa1-/- mice 

exhibited a freezing rate of 3.6% upon exposure to snake skin compared to 36.1% for wild 

type littermates (Figure 2F-G), and also spent more time investigating and even manipulating 

the snake skin as well as reduced risk assessment, avoidance, and flight times.   

Furthermore, we tested brain activity in the Trpa1+/- and Trpa1-/- mice after 2MT 

treatment by the whole brain c-fos mapping. We observed Trpa1-/- mice failed to show 

significantly increased numbers of c-fos expressing cells in multiple stress and fear related 

regions, such as the central amygdala, the paraventricular nucleus (PVN), which is associated 

with increased stress hormone production during fear and stress (Ulrich-Lai, 2009), the 

ventral periaqueductal gray (PAG), which is associated with freezing behavior and, the 

cortical Amygdala (CoA), which is related to anxiety and detection of danger (Figure 2h-i). 
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Direct Activation of Trpa1 Channel by TMT/2MT During in vitro 

Calcium Imaging  

We have identified the direct link between loss of Trpa1 and the absence of the innate 

fear behaviors. Since TRPA1 is a non-selective cation channel expressed in the membrane, we 

hypothesized that the Trpa1 channel can be activated by 2MT. HEK293T model cells were 

transfected to over express Trpa1-P2A-mCherry or mCherry for negative controls and were 

cultured for in vitro calcium imaging (de Felipe, 2006).  We observed that Trpa1 over-

expressing HEK293T cells responded to 2MT and TMT with calcium influx in a dose 

dependent manner, but did not respond to 2-methyl 2-oxazoline (2MO) a compound 

structurally similar to 2MT and TMT but which does not induce freezing (Figure 3A). when 

treating with Trpa1 inhibitor HC-030031 (McNamara, 2007), the calcium influx was 

diminished in HEK23T cells over-expressing Trpa1.  HEK293T cells co-transfected with 

mCherry plasmids and plasmid constructs coding for 9 related proteins from the Trp family, 

including human TRPA1, showed no calcium influx upon exposure to 2MT and TMT 

supporting the hypothesis that mouse Trpa1 was specifically required to sense predator odors 

and was necessary and sufficient to respond with calcium signaling (Figure 3B-C).  Cells 

transfected with the human variant of TRPA11 showed calcium influx to TMT but not 2MT, 

consistent with the differing sensitivities of humans and mice to 2MT (Chen, 2009). 

Next, we investigated the possible binding sites of TMT and 2MT, to the Trpa1 ion 

channel. Trpa1 cysteine to serine mutants were constructed for each cysteine residue 

identified as important in the sensation of pungent compounds or oxygen concentration from 

literature (C415, C422, C541, C622, C633, C642, C666, and C859) (Hinman, 2006), 

(Macpherson, 2007), (Cvetkov 2011), (Paulson, 2015), (Takahashi, 2011) as well as each 

cysteine residue present specifically in mouse Trpa1 (C31, C45, C66, C89, C364, C714, & 

C1041). 2MT and TMT-mediated calcium influx in HEK293T Trpa1 over expressing cells 
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was significantly inhibited by the serine mutation at locations C415, C422, C714, and C859, 

implying that predator odors covalently bind to these sites to induce conformation changes 

necessary to calcium influx and signal transduction (Figure 3D-E).  We further performed 

pull-down assay to verify covalent binding between TMT and Trpa1. Lysed cells showed 

alkynyl-TMT precipitating with Trpa1, but alkynyl-TMT precipitated Trpa1 with cysteine to 

serine site mutation at C415 less efficiently than WT Trpa1 (Figure 3F-H), suggesting the 

C415 is possible essential for the binding of TRPA1 and TMT. 

 

Trap1-/- Mice Perform Similar to Wild Type Mice in Olfaction Ability 

and Learned Fear 

 

We evaluated the olfaction system in Trpa1-/- mice to investigate whether the lack of 

fear response is due to deficiencies and olfaction. We first performed the food finding test by 

burying the food underneath bedding in a test cage and measure how long the Trpa1-/- mice 

take to find it (Figure 4A). The latency of finding the food in Trpa1 -/- mice is similar to 

Trpa1+/- and wild type. We further wished to test the detection threshold of low dose odorant 

in both Trpa1+/- and Trpa1-/- mice by performing habituation and dishabituation test 

(Kobayakawa, 2007). In brief, the mouse was exposed to filter paper soaked with water for 

four trials, and a very low concentration of 2MT (2.1 X 10-11 moles) was placed on the filter 

paper for the fifth trial. We measured the investigation time of the mice. At the second test 

session, we repeated the water for first 4 trials and added a significant higher concentration of 

2MT (2.1 X 10-10 moles) on the filter paper in trial 5. Both Trap1-/- and Trpa1+/- mice spent 

significantly increased time investigating the filter paper in trial 5, and there is no significant 

difference in the time spent between both groups (Figure 4c). Moreover, when we conditioned 

the Trpa1-/- mice to link a previously neutral odor to pain based fear learning, they were 
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capable of performing freezing behaviors towards the cue after training similarly to wild type 

(Figure 4d,e). Furthermore, Trpa1-/- mice exhibited responses similar to their wild type 

littermates and open field and elevated plus maze anxiety assays (Figure 4f,g), indicating no 

abnormal risk taking behaviors (Walf, 2007), (Carola, 2002), (Hereidia, 2014).  These data 

suggest Trpa1-/- mice have similar olfactory function as well as learning and memory ability 

as wild type mice and they are unlikely to be responsible for the loss of innate freezing 

behavior to 2MT.  

We conducted a forward genetic screen on randomly mutagenized mice using a robust 

2MT-induced innate fear assay. We found that the Trpa1 chemo-sensory system in addition to 

classical olfactory sensation mediate innate fear and defensive behaviors to predator odor in 

mice. We hypothesized that a forward genetic screen of randomly mutagenized mice 

subjected to a screen for 2MT evoked innate fear and defensive behavior could identify the 

specific gene and protein responsible for the sensation of predator odor as well as lead to the 

means of dissecting the pathway of 2MT induction of innate freezing behavior. 

Objectives 
 

My lab has discovered a potential molecular mechanism of predator sensation and 

innate fear response. Trpa1-/- mice displayed deficiency in responding to 2MT and TMT 

fearfully in spite of otherwise normal olfactory systems, memory, and learning ability. I 

would like to find the anatomical evidence of direct interaction of Trpa1 and 2MT, to reveal a 

novel pathway for the sensation of predator odor. Secondly, I would like to evaluate the role 

of the trigeminal system in the sensation of airborne predator odors and its role in innate 

freezing behavior. Finally, I wished to verify the direct link between Trpa1 in the TG system 

and the innate freezing by gain-of function and lost-of function experiments, to establish a 

new model of innate response to predator odor sensation.  
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Hypothesis  
	  

Trpa1 is largely expressed in the trigeminal ganglia, which has axon projections to the 

nasal epithelium. I hypothesized that the TG is the location where 2MT binds to Trpa1 

channel and induces innate freezing behavior.  

The TG is essential for 2MT induced freezing behavior, both directly sensing the 

odorant stimulation and projecting directly to the pain and stress related brain stem regions.  

The diminished freezing behaviors in Trpa1 -/- mice would be rescued by 

overexpressing Trpa1 in TG neurons. 

Materials and Methods 
	  

Mice 
 

 Trpa1 knockout mice were initially generated by ENU random mutations (Trpa frl/frl) 

and bred with two pedigree structures (Wang, 2015), (Georgel, 2008).  Trpa1-/- mice for later 

experiments were purchased along with Trpv1+/- mice and C57BL/6 mice from Jackson 

Laboratory.  In Tsukuba, wild Type B6N were purchased from CLEA.  Adult mice were 

housed in groups of up to five and exposed to a 12-hour light-dark schedule with food and 

water ad libitum.  Experimental protocols and animal handling conditions were approved by 

the Institutional Animal Care and Use Committee at the University of Texas Southwestern 

Medical Center and the International Institute for Integrative Sleep Medicine at the University 

of Tsukuba.  Mice were identified by a toe clip numbering system, with toes clipped prior to 

weaning, and those same toes used for genotyping.  Wild type mice obtained for control tests 

and breeding purposes were identified by ear clips.  Genotypic verification, when necessary to 

verify toe genotyping was performed on a tail clip.   
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Forward genetic screening and automated genetic mapping  
 

 G3 mice were pre-genotyped at all mutation sites using ampliseq panels and Ion 

Torrent sequencing.  Mice were evaluated by pedigree for phenotypic anomalies using the 

2MT-evoked innate fear assay alongside WT controls. Raw data (freezing rate) were entered 

into the Linkage Analyzer program, which tested the statistical association between assay 

performance and genotype for all mice at every mutation site in every pedigree, using 

dominant, additive, and recessive models of inheritance.  The data were visualized in the form 

of a Manhattan plot in Linkage Explorer (-log(P) vs chromosomal location). 

 
Genotyping 

 

Genotyping was done using 2 to 3.5% Kanto Chemical Company agarose gel without 

ethidium bromide in TAE Buffer (242 g Tris, 57.1 mL acetic acid, and 100 mL of .5M EDTA 

in a total volume of 1 L water pH 8.0, for 50X stock).  After electrophoresis gels were soaked 

in ethidium bromide solution (250 mL 1X TAE buffer, 25 µL Naqalai Tesque 10 mg/mL 

Ethidium Bromide Solution) for 30 to 90 minutes.  Solution replaced every month.  Gels were 

run at 100 V and 390 mA on either ATTA Submerge Mini, Enduro Gel XL, or Mupid-EXU 

Electrophoresis Machines.  Loading buffer was 1 uL 50% glycerol, 0.9% SDS and 0.05% 

bromophenol blue.  One µL loading buffer was mixed with 10 µL PCR product.  Fragments 

checked for size with 5 µL New England BioLabs Quick-Load Low Molecular Weight DNA 

Ladder. 

Toes or tail tips were digested using a Sigma-Aldrich REDExtract-N-Amp Tissue PCR 

Kit.  25 µL of extraction solution and 6.25 µL tissue prep solution was added to each well and 
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incubated for 20 minutes at 25◦C and 5 minutes at 95◦C.  25 µL neutralization solution was 

added before storage at 4◦C. 

PCR reactions performed with 0.05 µL TaKara Taq HS, 1 µL 10X Ex Taq Buffer, 0.8 

µL TaKara dNTP Mixture (2.5mM), 0.08 µL of each primer (100 µM), and 0.4 µL to 0.75 µL 

template DNA, with water filled to 10 µL.  PCR conditions were an initial time of 98◦C, then 

35 to 37 cycles of 98◦C for 10 seconds, 62◦C for 30 seconds, and 72◦C for 30 seconds.  A final 

extension time of 2 to 5 minutes at 72◦C was added before storage at 4◦C. 

 Trpa1+/- mice purchased from Jackson Labs and their descendants were genotyped 

with forward primer AGGTAAGACCAGTTTGGAATGATG and reverse primer 

CCTGGTCACTGCTTTTCACA where wild type Trpa1 would have a band of 880 base pairs.  

Trpa1 ENU mutants (Trpa frl/frl) were identified by digestion of a magnified fragment.  

Common primers (forward AATCGCGAACATCTTCAGGT and reverse 

TGTGAAGAGCATTCATTCAGC) were used to magnify a section of Trpa1.  The fragment 

was digested with an equal volume of BSM1 solution (72% water, 20% New England 

BioLabs Cutsmart 10X Buffer, and 8% NEB 10,000 µL /mL BSM1) at 65◦C for 12 hours.  

Wild type is undigested and remain 294 bp bands on the gel and the ENU mutant allele is 263 

bp.   

Development of a Highly Robust Odor-Evoked Innate Fear Assay  
 

 Odorants 2MT and 2MO were purchased from Tokyo Chemical Industry (Tokyo, 

Japan). Anisole was purchased from Nacalai Tesque (Kyoto, Japan). TMT was initially 

purchased from Contech (Waterord, CT) and later chemically synthesized by Tsuyoshi Saitoh 

of the Hiroshi Nagase lab. For comparison of innate freezing behavior in response to different 

odors, a constant concentration of test odorant-containing gas (10 ppm vol/vol) was produced 

using a calibration gas generator (Permeator PD-1B-2; Gastec, Kanagawa, Japan) and 
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pumped into a sealed test cage (31.5 cm × 19.5 cm × 13 cm) via a tygon tube. A volume of 

odorant gas equal to that of the test cage was pumped into the test cage prior to the 

introduction of each mouse. Odor presentation was performed in a chemical fume hood. 

Mouse behaviors were recorded with a digital video camera (7.5 frames/s, 320 × 240 pixels) 

connected to a computer running the FreezeFrame software (Actimetrics, Wilmette, IL, USA). 

The videos were analyzed by FreezeFrame to calculate the freezing rate (Isosaka, 2015). A 

mouse was considered to be freezing if no movement was detected for > 2 s. For forward 

genetics screening, we systematically optimized the 2MT-evoked innate fear assay by varying 

the mouse age, 2MT dose, and assay duration. Mice were individually introduced into an open 

test cage (19.1 cm × 29.1 cm × 12.7 cm, Ancare Corporation, Cat# N10HT). A small (2 cm × 

2 cm) filter paper containing 10 µl (1.05×10-4 mole) 2MT, or 35 µl (2.98×10-4 mole) TMT or 

was placed at the corner of test cage for 15-20 min.  

 Freezing behavior assays were performed as follows.  A ventilated hood is prepared 

with an opaque sheet to control light conditions to 30 Lux.  Mice are placed in a 17 cm by 28 

cm cage that is 15 cm tall with a height extender to bring total height to 31 cm of the open 

chamber.  Mice are allowed 15 minutes to acclimate.  Baseline readings are taken using 

FreezeFrame software recording at 11.25 frames per second.  Mice are given 15 minutes for a 

baseline acclimation reading, then measured upon exposure to eugenol for 10 minutes and 

2MT for 20 minutes.  Filter paper is prepared on glass slides and soaked with the test 

compound.  (Eugenol, 20.5 µL for 120 µmoles, 2MT or AITC12 µL for 120 µmoles, TMT 12 

µL for 90 µmoles, or SBT 50 µL for 330 µmoles, or Water 20.5 µL).  Mice were 17 to 19 

weeks old. 

 For low dose experiments mice were exposed to filter paper containing 0.1 µL 2MT (1 

µmol) for 15 minutes, diluted in 9.9 µL DMSO for accurate pipetting and volatility.  

Behaviors measured were freezing rate as measured by FreezeFrame software, total number 
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of times the mouse sniffed within 1mm of filter paper, frequency of the risk assessing stretch-

attend posture, and frequency of fleeing from the filter paper (Yang, 2004).  For snake skin-

evoked behavior, avoidance curve was calculated by customized Matlab program, total 

investigation time was scored as mouse sniffing within 1mm of snake skin, risk assessment 

behavior was scored by the stretch-attend posture, times of flight were scored as turning and 

escaping after sniffing the filter paper.  Mice were single housed in home cage with bedding 

overnight and a 2 cm by 16 cm piece of molted snake skin was placed in a corner of the cage 

without removing the food and water grid.  Video was recorded from the side. 

Quantitative RT-PCR Analysis of Trpa1 mRNA Level in ENU Mice 
 

 TG were dissected from Trpa1+/+, Trpa1+/frl, Trpa1frl/frl mice and total RNA was 

extracted by Trizol (Thermo Fisher Scientific, USA). Total cDNA was synthesized from 1 µg 

RNA using the High Capacity cDNA Reverse Transcription kit (Thermo Fisher Scientific, 

USA) according to manufacturer’s protocol. For qPCR, cDNA template was mixed with 

2×iTaq™ universal SYBR® Green supermix (Biorad, CA, USA) and primers in 384-well 

plate. The qPCR experiments were performed on C1000 TouchTM Thermal Cycler and 

CFX384 Real-Time System (Biorad). The amplification curves as well as Ct value were 

analyzed by Bio-rad CFX Manager. All the assays were performed in quadruplicate and ΔCt 

value was calculated compared to Pgk1. The results were processed and plotted by Prism 7.0 

(GraphPad, CA, USA). The following primers were used: Trpa1-F: 5’-

TGCTGACATCCTCCTGAACA-3’ and Trpa1-R: 5’-ACATCCTGGGTAGGTGCTACT -3’; 

Trpv1-F: 5’-CGAGGATGGGAAGAATAACTC ACTG-3’ and Trpv1-R: 5’-

GGATGATGAAGACAGCCTTGAAGTC-3’; Pgk1-F:  5’-AACCT 

CCGCTTTCATGTAGAG-3’ and Pgk1-R:  5’-GACATCTCCTAGTTTGGACAGTG-3’. We 

observed a faint band below the predicted PCR product in Trpa1+/frl and Trpa1frl/frl samples in 
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Fig. 1g. Large-scale PCR amplification and direct sequencing of this lower band showed that 

the 5’ splice site mutation of Trpa1 caused skipping of exon 15, resulting in a frame-shift and 

introduction of a premature stop codon as shown in Fig. 1h.  

 

Measurement Corticosterone Levels 
	  
 The plasma level of stress hormone corticosterone was measured as previously 

described (Isosaka, 2015). Heterozygous or homozygous Trpa1 knockout mice were 

individually housed in the home cage and habituated in the test environment overnight. The 

experiment was performed between 8:00 and 10:00 am. Odor exposure was performed by 

quietly dropping a piece of filter paper containing water or 2MT (25 µl, 2.62×10-4 mole) into 

the home cage (19.1 cm × 29.1 cm × 12.7 cm). After odor exposure for 20 min, blood samples 

were collected and centrifuged at 1,000 g for 15 min at 4 ºC. The supernatant was collected 

and the plasma concentration of corticosterone was determined using an ELISA kit according 

to manufacturer’s protocols (Assaypro, St Charles, MO, USA). 

Open Field Test and Elevated Plus Maze 
 

 Mice were placed on the periphery of a novel open field environment (44 cm X 44 cm 

X 30 cm) in a dimly lit room and allowed to explore.  Animals were monitored from above by 

video tracking software (Ethovision 3.0 Noldus, Leesburgh VA, USA) to determine time, 

distance moved and number of entry into periphery (5 cm from walls) and center (14cm X 14 

cm) (Carola, 2002).  For the elevated plus test, mice were individually place in the center of a 

black Plexiglas elevated plus mace (30 cm X 5 cm arms with 25 cm walls on two opposite 

arms elevated 31 cm) in a dimly lit room and allowed to explore for 5 min (Walf, 2007).  

Time in middle open and closed arms as well as entries was calculated by Ethovision 

software.  Apparatuses were cleaned and dried between mice.  Data was analyzed with the 
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unpaired Student`s t Test. 

 

Habituation-Dishabituation Test 
 

 Olfactory habituation-dishabituation tests (Kobayakawa, 2007) were performed using 

14 to 19-week old mice.  Mice were habituated to a clean cage (17.5 cm X 10 cm X 15 cm) 

and presented with filter paper with 20 µL distilled water on 2 cm X 2 cm filter paper for 3 

minutes.  Water presentation was repeated four times with 1 min intervals.  On the fifth trial, 

filter paper with 2.1 X 10-11 or 2.1 X 10-10 mole 2MT was presented for 3 min.  Mouse 

behaviors were recorded and investigation time was measured. 

Dual Odor-Based Fear Conditioning Assays  
 

 The dual odor-based fear conditioning assays were performed with 12-14 week old 

male mice as previously described (Isosaka, 2015) with minor modifications. In brief, fear 

conditioning was conducted in a conditioning chamber (24.1 cm × 20.3 cm × 18.4 cm, ENV-

307W-CT, Med Associates Inc., St Albans, VT) located in a sound-attenuating box equipped 

with a fan, which allowed continuous removal of the odor. An odor delivery apparatus (ENV-

275, Med-Associates, Inc.) was modified to separately deliver two odors. Trpa1 mutant mice 

were individually placed into the conditioning chambers. After 3 min of free exploration, one 

of the two odors, anisole (Sigma-Aldrich, Tokyo, Japan) or eugenol (Nacalai Tesque, Kyoto, 

Japan), was delivered into the conditioning chamber for 30 s. The animals were exposed to 6 

anisole presentations randomly intermingled with 6 eugenol presentations and separated by 4 

min inter-trial intervals in the conditioning session. The 2 seconds of 0.4 mA electric foot-

shocks were delivered from the metal-rod floor and overlapped only with the last 2 seconds of 

anisole presentations, but not with eugenol presentations. At the following day, Trpa1 mutant 



	   42	  

mice were individually placed into the test cages (19.1 cm × 29.1 cm × 12.7 cm, Ancare 

Corporation, Cat# N10HT). After 10 min habituation (no odor), each mouse was presented 

sequentially with a plain filter paper (2 cm × 2 cm) for 10 minutes, a filter paper scented with 

eugenol (1.25 × 10-4 mole) for 10 min, and a filter paper scented with anisole (1.25 × 10-4 

mole) for 10 min. Mouse behaviors were recorded and the freezing rate were quantified by 

FreezeFrame as described above. For 2MT/TMT-based learned fear assays, Trpa1-/- mice 

were used for fear conditioning according to the same protocol except that 1 × 10-3 mole 2MT 

or 1.5 × 10-4 mole TMT was used. Mouse behaviors were similarly analyzed except that each 

mouse was exposed to filter paper scented with 1.25 × 10-4 mole eugenol, 2.7 × 10-4 mole 

2MT or 4.0 × 10-5 mole TMT, respectively.  

Cell Culture 
 

Calcium imaging protocol is a modified version of that of Mingye Feng (Feng, 2012).  

HEK293T Cells were stored at -150 ◦C after 24-hour exposure to -80◦C in a Nalgene Cryo 1◦C 

Freezing Container with a cooling rate of 1◦C per minute when filled with Nacalai Tesque 2-

Propanol.  Cells were suspended in 10% DMSO (Nacalai Tesque Dimethy Sulfoxide) 90% 

DMEM media (90% Gibco Dulbecco`s Modified Eagle Medium, supplemented with 10% 

Corning Fetal Bovine Serum with 1% of that volume Wako Penicillin-Streptomycin Solution 

X100) in 1.5 mL Corning cryo-vials.  Cells were thawed in 37◦C water and placed in 8 mL 

37◦C DMEM and immediately centrifuged for 3 minutes at 1000 RPM.  Supernatant was 

aspirated and pellet was re-suspended in 1 mL DMEM for cell counting.  Approximately 

650,000 cells were to be diluted to 10mL DMEM and plated on a Corning 100X60mm Style 

cell culture dish, incubated at 37◦C and 5% CO2.  After approximately 48 hours cells are re-

plated before cells can reach confluency.  Cells were re-plated twice before all experiments 

and kept in incubation for a maximum of 3 weeks during all experiments to ensure health.  To 
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re-plate, culture dishes were aspirated and gently rinsed with 8mL PBS (Gibco Phosphate 

Buffered Saline).  Cells were removed with 3 mL 0.5g/I-Trypsin/0.53mmol/I-EDTA Solution 

with Phenol Red (Nacalai Tesque) at 37◦C for 3 minutes.  8ML DMEM was added, and the 

mixture was gently pipet mixed 5 times, rinsing the plate thoroughly and avoiding bubbles.  

Cells placed in Corning 15 mL conical tubes, pipet mixed 5 times and were spun down 3 

minutes at 1000 RPM, and re-plated at 650,000 cells dissolved in 10 mL DMEM and returned 

to the incubator.  If preparing test wells, a separate vial for the dilution of cells was prepared 

at this time. 

The bottoms of UV sterilized Greiner Bio-One 96 well sensoplates with glass bottoms 

were coated with a 25 µg/mL Poly-D Lysine solution dissolved in HBSS (Hanks Balanced 

Salt Solution, 137 mM NaCl, 5.4 mM KCl, 0.44 mM KH2PO4, 0.34 mM Na2HPO4, 5.6 mM 

Glucose, 4.2 mM NaHCO3, pH 7.4), 40 µL per well.  After 2 hours, wells are aspirated and 

washed twice with 90 µL MDMEM. Test wells are loaded with 100 µL DMEM containing 

approximately 6,500 HEK cells, then incubated 24 hours.  Wells on the edge of the plate are 

not used, and are instead filled with 100µL sterile water for humidity control.  A maximum of 

18 wells are seeded per session to ensure uniform health during imaging. 

Eppendorf tubes were prepared for each plasmid construct to be tested.  In each, 5 µL 

Gibco Opti-Mem per well was added, then 0.2 µL Promega Fugene6 Transfection Reagent 

was added per well directly into the Opti-Mem and vortexed.  After five minutes 60 ng 

plasmid per well was added and vortexed.  In the case of plasmids that did not already contain 

an mCherry marker, cells were co-transfected with 30 ng test plasmid and 30ng mCherry 

plasmid per well.  After 30 minutes 100 µL DMEM prepared without antibiotics was added 

per well.  Cell containing 96 well plates were removed from the incubator and aspirated.  Per 

well, 100 µL of transfection media was added gently down the side of the well taking care to 

not dislodge cells and incubated 18 hours.  



	   44	  

Calcium Imaging Using Transfected HEK293T Cells 
	  

A solution of 0.1% Molecular Probes cell permeable fura-2 AM (acetoxymethyl ester) 

dye in Modified HBSS (137 mM NaCl, 5.4 mM KCl, 0.44 mM KH2PO4, 0.34 mM Na2HPO4, 

5.6 mM Glucose, 4.2 mM NaHCO3, 20 mM HEPES, 12.4 µM Sigma-Aldrich Probenecid, 

0.1% BSA, pH 7.2) was prepared vortexed and sonicated in an Iuchi Automated Ultrasonic 

Washer 7 minutes in darkness.  All operations were performed without lighting in the hood 

and keeping plates and solutions covered with opaque aluminum foil where possible.  Cell 

plate wells were aspirated and 100 µL 4 µM fura2-AM solution was added gently down the 

side.  Plates were incubated 50 minutes.  During this time, test solutions were prepared.  

Chemicals were dissolved in 37◦C Calcium imaging solution (125 mM NaCL, 2 mM MgCl2, 

4.5 mM KCl, 10 mM glucose, 20 mM HEPES pH 7.4, 2 mM CaCl2, 0.1% DMSO) at 4 times 

test concentration.  Solutions were sonicated after the first and final serial dilution for 3 

minutes, and vortexed between all dilutions.  50 µL of solution was placed in each well of a 

96 well ligand plate.  The cell plate was removed from the incubator, and each well was 

washed twice with 100 µL calcium imaging solution, and then filled with 75 µL imaging 

solution gently down side.  The cell plate and ligand plate were incubated in the Hamamatsu 

calcium imaging chamber at 30◦C for 40 minutes.   

Calcium imaging was performed on a Hamamatsu IMACS2 machine using IMACS 

imaging software version 1.008, and a 20X Olympus UPLSAPO ZDC lens.  After selecting a 

portion of each well with a high proportion of healthy transfected cells as determined by 

mCherry fluorescence and general morphology, the imaging protocol was started.  25 µL of 

test solution containing 4 times the test concentration of the desired chemical was added to 

the corresponding well of the cell plate 30 seconds into the imaging timespan which then 

continued an additional five minutes.  All time measurements were divided by the 

fluorescence ration at time zero to get a fluorescence reading above baseline, and all 



	   45	  

compound tests were normalized to a vehicle control in which only 25 µL of Calcium imaging 

solution was added to cells transfected with the same plasmids to get an F/F0 ratio normalized 

to control.  To determine whether each individual cysteine residue was critical, the maximum 

fluorescence reading during the time of measurement for the normalized F/F0 graph was 

taken for each well, and was divided by the maximum fluorescence reading of the wild type 

Trpa1 expressing HEK293T cells to determine the ratio below wild type.  The computer 

automatically limited measurements to regions with the measurement property of Pre-

mCherry (FuYmCH)(Delta1) and the fura-2 fluorescence ratio was measured at 340 nm to 

380 nm (bound to Calcium vs unbound).  After imaging, regions located outside cells, regions 

displaying continually decreasing fluorescence ratios, regions with single point spikes, and 

regions from cells displaying highly abnormal or unhealthy cell shapes were excluded from 

consideration.  The average fluorescent ratio of all cells every interval of measurement (2 

seconds) was calculated.   Data was graphed using GraphPad Prism 7.0 software.  A 

normalized F/F0 reading of greater than 20% above baseline was considered to be indicative 

of calcium influx initiated by the opening of an ion channel in response to the test compound. 

Plasmid Construction, Replication and Site-Directed Mutagenesis 
	  
 Plasmids constructed using Invitrogen pcDNA3.1 vector.  To make the Trpa1-P2A-

mCherry construct, we amplified from mouse cDNA library the full-length Trpa1 open 

reading frame (ORF) by PCR with primers 5’-

AAATTTCTCGAGATGAAGCGCGGCTTGAGGAG-3’ and 5’-AAATTTCCGCGGAA 

AGTCCGGGTGGCTAATAG-3’. The PCR product was cut with XhoI and SacII and 

subcloned into pEGFP-N1 to make pTrpa1. The P2A-mCherry fragment was amplified by 

PCR with primers 5’-AAATTTCCGCGGGGAAGCGGAGCTACTAACTT-3’ and 5’-

AAATTTGCGGC CGCTTACTTGTACAGCTCGTCCATGCCG-3’. The P2A-mCherry 

fragment was cut with SacII and NotI and subcloned into pTrpa1 to generate Trpa1-P2A-
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mCherry.  

 We mutated a number of cysteines of mouse Trpa1 to serines in the Trpa1-P2A-

mCherry plasmid using PfuUltra HF DNA polymerase (Agilent). The primers for site-directed 

mutagenesis were listed above.  Site directed mutagenesis on the original plasmid requires 

designing specific primers to encompass the site of the desired mutation on both strands of the 

plasmid with at least 10 base pair overhang on each side.  Mutant plasmids are synthesized 

using PfuUltra DNA polymerase per kit protocol.  Original plasmids are digested with Dpn 1 

at 37◦C for 1 hour targeting methylated and hemi-methylated DNA.  Surviving mutated 

plasmids are used to transform E. Coli for plasmid replication and collection. 

Table 1 Oligonucleotide Templates for Generating Cysteine to Serine Mutant 

Trpa1-P2A-mCherry Plasmids. 

Site Forward Primer Reverse Primer 

C31 GGGAAGACATGGACTCCTCCAA

GGAATCCTTTAAGGTGGA 

AAGGATTCCTTGGAGGAGTCCAT

GTCTTCCCCGACGCC 

C45 TTGAAGGAGATATGTCTAGATTA

GAAGACTTCATCAAGAACC 

GAAGTCTTCTAATCTAGACATATC

TCCTTCAATGTCCACCTTAAAG 

C66 AGGATGAAAATCTCTCTCCTCTG

CATCACGCAGCAGCA 

GCGTGATGCAGAGGAGAGAGAT

TTTCATCCTCATATTTG 

C89 TCAATGGTTCTTCGTCTGAAGTG

CTGAATATAATGGATGG 

ATATTCAGCACTTCAGACGAAGA

ACCATTGATGATCAGTTC 

C364 TGAATTTGCTCCTCTCTAAAGGT

GCCAAAGTAGACATAAAAGATC 

ACTTTGGCACCTTTAGAGAGGA

GCAAATTCACAATGTTCC 

C415 AAGACAATGACGGATCCACACCT

CTCCATTATGCCTGTAG 

TAATGGAGAGGTGTGGATCCGTC

ATTGTCTTCATCCATCA 

C422 CCTCTCCATTATGCCTCTAGGCA GGAACCCCCTGCCTAGAGGCATA
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GGGGGTTCCTGTCTCTG ATGGAGAGGTGTG 

C541 ATACTAACTTGAAATCCACAGAC

CGACTAGATGAAGAAGG 

TCTAGTCGGTCTGTGGATTTCAA

GTTAGTATCAAGAATGA 

C622 TCCAAGCAATCGATCTCCAATCA

TGGAGATGGTAGAATACCTC 

TCTCCATGATTGGAGATCGATTG

CTTGGAGAATTATGAGTG 

C633 AATACCTCCCCGAGTCCATGAAA

GTTCTTTTAGATTTCTG 

AAAAGAACTTTCATGGACTCGG

GGAGGTATTCTACCATCT 

C642 TTCTTTTAGATTTCTCCATGATAC

CTTCCACAGAAGACAA 

GTGGAAGGTATCATGGAGAAATC

TAAAAGAACTTTCATGC 

C666 TCAAGTATCTCCAATCCCCATTAT

CCATGACCAAAAAAGTAGC- 

GTCATGGATAATGGGGATTGGAG

ATACTTGAAATTATACTC 

C714 TACTCATGAAATGGTCTGCCTAT

GGATTCAGAGCCCATATGA 

CTGAATCCATAGGCAGACCATTT

CATGAGTAAGTACTCCCT 

C859 AAAGGTTTGAGAACTCTGGAATT

TTCATTGTTATGTTGGAGG 

ACAATGAAAATTCCAGAGTTCTC

AAACCTTTGAAGATACAGTAGG 

C1041 CAAACATTGACACATCCTTGGAA

ATGGAAATATTGAAACAG 

ATTTCCATTTCCAAGGATGTGTC

AATGTTTGGTACTTCTTG 

 

For pull down experiments to measure that cysteine to serine mutant plasmids would 

have unaffected translation and protein expression, it was necessary to construct a tagged 

version of Trpa1.  We did so by creating Trpa1 with a Human Influenza Hemagglutinin motif 

(HA).  To construct HA-tagged wild-type and mutant Trpa1 plasmids, mouse Trpa1 ORF was 

amplified by PCR using primers: 5’-AAATTTGGATCCAAGCGCGGCTTGAGGAGG AT-3’ 

and 5’-AAATTTGGTACCAAAGTCCGGGTGGCTAATAG-3’. The PCR product was 

digested with BamHI and KpnI, sub-cloned into the pKH3 plasmid, and verified by 
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sequencing. A second PCR was performed to amplify HA-Trpa1 from pKH3-Trpa1 using 

primers 5’-AAATTTCTCGAGATGTACCCATACGATGTTCC-3’ and 5’-

AAATTTCCGCGGAGCGTA ATCTGGAACATCGT-3’, cut with XhoI and SacI, and sub-

cloned into Trpa1-P2A-mCherry to replace the untagged Trpa1 sequence. Site-directed 

mutagenesis was performed on the pHA-Trpa1-P2A-mCherry construct using the same 

primers as listed above to create a cysteine to serine mutants with an HA tag, and the HA 

tagged C415 to serine mutant plasmid and the wild type HA-Trpa1-P2A mCherry plasmid 

was used to support the binding of TMT-alkynal to cysteine residues in a comparative binding 

pull down assay. 

 Approximately 1×105 HEK293T cells were seeded into a 12-well plate and incubated 

in DMEM medium for 18 hours.  1 µg of pHA-Trpa1-P2A-mCherry construct was mixed 

with 3µl Fugene6 in 60µl OptiMEM per 12 wells.  After 24 hours, the cells were washed with 

500µl calcium solution (125 mM NaCl, 2 mM MgCl2, 4.5 mM KCl, 10 mM glucose, 20 mM 

HEPES, 2 mM CaCl2, 0.1% DMSO, pH 7.2), and incubated with 300 µM alkynyl-TMT in 

calcium solution at 30ºC for 6 minutes.  After washing again with calcium solution, the cells 

were lysed with lysis buffer (50 mM HEPES, 2 mM MgCl2, 10 mM KCl, 1% SDS, 150 

units/ml of Benzonase) pH 8.0, supplemented with Sigma Aldrich complete™ Mini EDTA-

free protease inhibitor cocktail for 20 minutes at room temperature.  The lysate was 

centrifuged at 12000 g for 3 minutes to pellet cell debris and the protein concentration was 

measured by Thermo Fisher Scientific BCA assay.  2 µl of 50 mM CuSO4 solution was mixed 

with 2 µl of 2.5 mM Sigma Aldrich THPTA tris[3-hydroxypropyltriazolylmethyl]amine, 

followed by addition of 1 µl of 1.25 mM Sigma Aldrich azide-PEG3-biotin conjugate and 1µl 

of 50mM Sigma Aldrich Tris (2-carboxyethyl)phosphine.  The 4 µl mixture of CuSO4/THPTA 

complex was then mixed with 44 µl cell lysates, equal amounts total protein, by vortexing and 

incubated at room temperature for 2 hours.  Afterwards, equal amount of protein samples (20 
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to 40 µg) were diluted with RIPA buffer (10 mM Tris·HCl, 140 mM NaCl, 1 mM EDTA, 0.5 

mM EGTA, 0.1% SDS, 0.5% sodium deoxycholate, 1% Triton X-100, pH 8.0) containing 

protease inhibitor cocktail and incubated with 1 µl of EMD Millipore streptavidin agarose for 

2 hours at room temperature. After washing streptavidin beads 3 times with 150 µl RIPA 

buffer, the biotin-conjugated proteins were eluted with 1×SDS loading buffer with 50 mM 

DTT at 95ºC for 10 minutes.  The eluted proteins were resolved by SDS-polyacrylamide gel 

electrophoresis, transferred to nitrocellulose membrane, and immunoblotted with Sigma Cell 

Technology rabbit anti-HA antibody in 1 to 50,000 dilution. 

Plasmids were replicated using SEBL3 competent bacteria stored at -80◦C.  Agar 

plates are pre-warmed to 37◦C.  1µL plasmid was added to 50 µL thawed SEBL3 cells and 

kept on ice for 20 minutes, heat shocked in a 42◦C water bath for 1 minute and returned to ice 

for 2 minutes.  Bacteria were allowed to recover in 250 µL media 37◦C shaker at 250 RPM for 

1 hour.  50 µL of the suspension is plated onto an agar plate, containing either ampicillin or 

kanamycin using an ethanol sterilized L shaped glass rod.   

 12 hours later, 10 bacterial colonies are suspended in 4 mL LB media with 0.1% 

antibiotic (50ng/mL kanamycin or ampicillin/carbenicillin) and incubated at 37◦C 250 RPM.  

10 hours later cells are pelleted down in an Eppendorf tube 3 minutes at 6000 RPM.  Reagents 

used are from the Qiagen QIAprep Spin Miniprep Kit.  Protocol modified as followed.  Pellet 

is re-suspended in 250 µL Buffer P1.  250 µL Lysis Buffer is added, and gently mixed by 

inversion until pH indicator dye is uniformly blue.  After 5 minutes, 350 µL Neutralization 

Buffer is added and the tube is again gently mixed.  Debris is pelleted out for 10 minutes at 

15000RPM.  Supernatant is applied to a spin column, centrifuged 1 minute at 17000RPM, 

washed with 750 µL Buffer PE, and centrifuged and additional minute at 17000RPM.  40 µL 

water is added to the spin column for elution and plasmids are collected in a fresh tube.  

While measuring DNA concentration on a Thermo Scientific NanoDrop 2000C 
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Spectrophotometer at 260 nm, the ratio to protein (280 nm) and solvent (230 nm) is measured 

with ratios over 1.8 being considered sufficiently pure.  Plates are made with 250 mL water 

autoclaved with 2 capsules of MP Molecular Biology Certified LB-Agar Medium.  250 µL 

ampicillin or kanamycin thawed on ice is added when media is less than 50◦C and 25 mL is 

added to each petri plate. 

 Kanamycin resistant plasmids are Trpa1-P2A-mCherry, HA tagged, and cysteine to 

serine mutant plasmids.  Ampicillin resistant plasmids are mCherry, human TRPA1, c-Fos, 

and Trp family plasmids.  Trp family plasmids were generously supplied by the Mori group, 

and Dr. J Chen supplied Trpa1 plasmid pcDNA3.1 Invitrogen constructs. 

Whole Brain c-fos Mapping by in situ Hybridization (ISH) 
  

All procedures were followed as previously described (Isosaka et al., 2015). Briefly, 

mice were habituated in a test cage for 2 h. A piece of filter paper scented with 15 µl water or 

2MT (1.57×10-4 mole) was presented for a 30-min period. Mice were anesthetized with 

gaseous isoflurane and perfused with ice-cold 4% paraformaldehyde (PFA) in phosphate-

buffered saline (PBS). The brains with the trigeminal nerve were dissected and fixed 

overnight in 4% PFA in PBS at 4°C. The fixed brains were dehydrated in a graded ethanol and 

xylene series and then embedded in paraffin using an automated system (Sakura rotary, RH-

12DM; Sakura Finetek, Tokyo, Japan). Coronal sections with a thickness of 5 µm were 

prepared using an automatic slide preparation system (AS-200S, Kurabo, Osaka, Japan). In 

situ hybridization was performed using an automated system (Discovery XT, Ventana Medical 

Systems, Oro Valley, AZ, USA) according to the manufacturer’s protocols. The digoxigenin 

(DIG)-labeled fos probe (129- to 537- and the 543- to 1152-bp regions of the gene) was 

diluted in 1:200 and hybridized at 74°C for 3 h using a RiboMap Kit (Roche). The slides were 

then incubated with biotin-conjugated anti-DIG antibody (1:500, Jackson ImmunoResearch, 
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West Grove, PA) at 37°C for 28 min. The probe was detected using the Ventana BlueMap Kit 

(Roche, Basel, Switzerland) at 37°C for 6 h, and counterstained with a Red counterstain kit 

(Roche) at 37°C for 4 min. Images were scanned using a NanoZoomer virtual microscope 

system (2.0 RS, Hamamatsu Photonics, Hamamatsu, Japan), converted to gray scale, and 

signal intensities were quantified using Adobe Photoshop (n = 6-8 for each region). 

Anatomical locations were determined according to the mouse brain atlas (Paxinos et al., 

2013).  

c-Fos Immunohistochemistry (IHC) and Double Trpa1/c-Fos Staining 
of Trigeminal Ganglion  
 

 Mice were single housed and habituated in the test environment 24 hours before the 

experiment. A small filter paper containing 1 µl of water or 2MT (1.6 ×10-4 mole) was placed 

into the home cage for 30 min. After the filter paper was removed, test mouse was allowed to 

recover in the home cage for another 30 min. Mice were then rapidly anesthetized with 

pentobarbital (50 mg/kg, i.p.) and sequentially perfused by PBS and 4% PFA in PBS. 

Trigeminal ganglions were dissected and fixed for 24 h in the same fixative solution and 

stored at 4 °C, then cryoprotected with 30% sucrose (wt/vol) in PBS for 48 h. The tissue was 

put in the Tissue-Tek O.C.T compound (Sakura Finetek), and 30-µm-thick coronal sections 

were cut on a cryostat (CM3050S, Leica). For c-Fos IHC, the floating TG sections were 

washed 3 times with PBS for 5 min, incubated with 0.3% Triton X-100 in 0.01 M PBS for 15 

min, and washed again with PBS for three times. The slides were treated with 1% H2O2/PBS 

for 30 min and washed three times with PBS. After incubating in 0.3% of BSA/0.25% Triton-

X-100/ PBS for 1 h, the sections were incubated with rabbit anti-c-Fos antibody (1:5,000, 

EMD Millipore, ABE457) at 4°C overnight. After washing six times with PBST, the sections 

were incubated with biotinylated rabbit anti-goat IgG (1:500, Vector BA5000) for 2 hours at 

room temperature and followed by PBS washing for three times. The sections were incubated 
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with HRP-Streptavidin (ABC reagent, VECTOR) for 1 h at room temperature. After washing 

with PBS three times, the slides were stained in DAB Peroxidase (HRP) Substrate Kit 

(VECTOR) in the dark until the color developed. The reaction was stopped by PBS washing 

and the sections were mounted onto glass slides for microscopy. All images were acquired 

using the Zeiss LSM700 confocal microscope with a 10× objective lens (NA = 0.45) under the 

AxioVision4.8 software. The nuclear c-Fos+ neurons were counted in all sections from the 

same TG. Representative images shown in the figures were chosen from a similar region of 

the trigeminal ganglion based on morphology. 

 For double Trpa1/c-Fos staining of trigeminal ganglion, Trpa1 mRNA ISH was 

performed before c-Fos IHC. All reagents and solutions were prepared using 

diethylpyrocarbonate (DEPC)-treated distilled deionized water (ddH2O) and RNase-free 

reagents. The DNA templates for making sense or antisense Trpa1 probes were generated 

using following PCR primers: 5’-

GCCTAATACGACTCACTATAGGCGGCTTGAGGAGGATTC TG-3’ and 5’-

TCTGTGAAGCAGGGTCTCCT-3’; or 5'-GCGGCTTGAGGAGGATTCTG-3’ and 5’-GCC 

TAAGACTCACTATAGGGTCTGTGAAGCAGGGTCTCCT-3’. The RNA probes labeled by 

digoxygenin-UTP were generated by in vitro transcription by T7-RNA labeling kit (Roche). 

The floating TG sections were washed with 1× PBS for 10 min and treated with 

paraformaldehyde (4% in PBS, wt/vol, Nacalai) for 15 min, then the slides were reduced by 

treatment of 0.3% of sodium borohydride and washed with PBS 10 min. Tissue slides were 

then treated with 0.3% Triton X-100 (vol/vol) in PBS for 15 min followed by twice of PBS 

washing. Then treated slides with 0.75% glycine for 15 min followed by PBS washing and 

acetylated by adding 1/400 vol. of acetic anhydride (vol/vol) in PBS for 15 min, followed by 

PBS washing two times. Afterwards, the sections were incubated in the hybridization solution 

(50% deionized formamide/ 2% blocking reagent/ 5× SSC/ 0.1% N-lauroylsarcosine and 
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0.1% SDS) without probes for 1 hour in 55°C and incubated in the same hybridization 

solution with the Trpa1 mRNA probes for 16–18 hours at 60 °C. After hybridization, washed 

the sections with 2× SSC/50% formamide / 0.1% N-lauroylsarcosine for 20 min in 50°C 

followed by treatment with 5 µg/ ml RNaseA in PBS at 37 °C for 30 min. Then washed the 

sections in 2× SSC 0.1% N-lauroylsarcosine for 30 min twice at 37 °C, and 0.2% SSC/ 0.1% 

N-lauroylsarcosine for 30 min in 37°C twice. Rinse the tissue with TS 7.5 for 5 min, and 

incubated with 1% blocking reagent (Roche) diluted in TS7.5 for 1 h. After blocking, the 

slides were incubated with 1:2,000 Anti-DIG-AP antibody (Roche, 11093274910) for 16-18 

hours at 4°C. Next day, the sections were washed three times in TS7.5/0.1% Tween20 for 20 

minutes each and were incubated in TS9.5 for 5 minutes. Finally, the slides were incubated in 

1:50 diluted NBT/BCIP solution (Roche) in TS9.5 in the dark until the color was developed. 

After staining was stopped by PBS washing.  c-Fos IHC staining was performed as described 

above. 

Unilateral Lesion of the Trigeminal Ganglion 
 

 Mice were anesthetized with pentobarbital (50 mg/kg, i.p.) and mounted on a 

stereotaxic apparatus (Narishige Group, Japan). The skin was opened, the skull was exposed, 

and 3 holes were made over the right hemisphere using a dental drill. An electrode was 

lowered into the trigeminal ganglion (coordinates: A-P, +1.5 mm; M-L, +0.8 mm; D-V, −6.5 

mm; A-P, +0.9 mm; M-L, +1.0 mm; D-V, −6.5 mm; and A-P, +0.9 mm; M-L, +1.2 mm; D-V, 

−6.5 mm from bregma) in both the sham and the unilateral lesion (ulTGx) groups. In the 

ulTGx group, a constant current (2 mA) was applied to the trigeminal ganglion for 15 s. The 

electrode was removed and the skin was closed. After recovery for 8 days, 2MT-evoked 

freezing behavior was measured for the sham and ulTGx mice (n = 8 each) as described 

above. After testing, mice were presented with filter papers spotted with 2MT, sacrificed, and 
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c-Fos mRNA expression was analyzed. Lesioned areas were verified by the histological 

examination of coronal sections. 

Stereotaxic Viral Injections and Behavioral Test 
 

 Mice were anesthetized with 2% isoflurane and positioned on stereotaxic apparatus 

(Kopf Instruments, Tjunga, CA, USA).  Small holes were drilled into the skull and injections 

of AAV-GFP or AAV-Trpa1 were performed bilaterally using a Hamilton 0.5 µL Neuros 

Model 7000.5KH syringe with 33GA Hamilton Needles with 800 nL of virus solution (titer 

approximately 1.0 X 1013 viral genomes per mL for AAV-Trpa1 and 1.0 X 1014 (VG/mL) for 

AAV-GFP with a flow rate of 70 nL/min.  Coordinates are A-P, +0.9 mm; M-L, ±1.4 mm; D-

V, −6.5 mm from Bregma.  Mice were subjected to 2MT evoked innate fear assay 2 months 

after virus administration. 

Statistical Methods 
 

 Values are expressed as mean ± SEM. Data were tested for Gaussian distribution and 

variance and it forts the normal distribution pattern.  Between different groups, similarity was 

tested with Levene`s test.  Significant levels are indicated as follows. P value < 0.05= *.  P 

value <0.01= ** P value < 0.001=*** ns. = not significant.  We performed two-way ANOVA 

followed by Tukey multiple comparisons test for the following figures; 2C, and 4D.  We 

performed one-way ANOVA followed by Tukey multiple comparisons test in Graphpad Prism 

(La Jolla CA, USA) as geometric mean with 95% confidence limits for the following figures; 

2A, 2B, and 4B.  For figure 1G three different comparisons were calculated between each pair 

of groups using the Student`s t-test in excel. 

 Statistical significance was calculated using the unpaired two-tailed Student`s t-test in 

excel by comparing freezing rate of the experimental group to the control group for that time 



	   55	  

unit for the following figures; 4E, 9E, and 10D. 

 Statistical significance was calculated using the Student`s t-test with 95% confidence 

intervals with Graphpad Prism for the following Figures; 2E, 2G, 2I, 4C, 4F, 4G 7C, 8F, 9D, 

9F, and 10E. 

 Multiple comparisons were controlled for when using pairwise comparisons for 

experimental groups to wild type using two-way unpaired Student`s t-test with Bonferroni 

corrections for the following figures; 3D, 3E. 

 

Results 

Trpa1 mRNA Expression in the Intestine and Trigeminal Ganglia (TG) 
	  

We have confirmed that Trpa1-/- mice are capable of identifying different odors with 

similar proficiency as Trpa1+/-  mice, and that they are able to be conditioned to perform 

learned freezing behavior towards conditioned odor cues. Moreover, HEK-293T cells 

transfected to over express Trpa1 channels showed direct interaction with and activation by 

TMT and 2MT. Therefore, we next asked, where in the body is Trpa1 endogenously expressed 

and what is the possible location of the first confrontation with 2MT in the mouse body. Since 

Trpa1 is known to have strong expression patterns in the intestine, dorsal root ganglia and 

trigeminal ganglia, I performed in situ hybridization staining to detect Trpa1 mRNA in the 

whole TG and the intestine as a positive control. As shown in (Figure 5), Trpa1 signals are 

detected in the gastrointestinal enteroendocrine cells (EEC) in the duodenum and jejunum 

(Figure 5A) (Cho, 2014). In the TG, Trpa1 mRNA is expressed in the small to medium size 

cells as shown in (Figure 5B), consistent with previous studies (Bautista, 2005). The rate cells 

expressing Trpa1 mRNA in each section is about 7-10% of the whole cell population. 

Trpa1 expression in the ENU fearless homozygous pedigree TG is diminished. To 

confirm the Trpa1 expression pattern in the ENU fearless pedigree, I performed in situ 
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hybridization in both homozygous fearless (Trpa1 frl/frl) and heterozygous (Trpa1+/frl) mice 

TG.  As (Figure 6) shows, the Trpa1 mRNA expression in Trpa1+/frl mice was similar to the 

wild type mouse, whereas the signal in Trpa1 frl/frl mouse TG was diminished.   

	  

Trpa1 Expressing Cells in Wild Type and Heterozygous Mouse TG are 
Activated by 2MT Treatment Whereas c-Fos Activity was Decreased 
in Trpa1 Knockout Mouse TG 

	  
I first investigated whether TG cells are activated by 2MT treatment by performing 

immunohistochemical staining (IHC) on dissected TG after exposing the mouse to filter paper 

containing either water or 2MT. As expected, the Trpa1+/frl mouse TG showed increased c-Fos 

expression when exposed to 2MT filter paper compared to water control (Figure 7A).  This 

increase in c-Fos expression was absent in Trpa1 frl/frl mice (Figure7B).  TG neurons project to 

the caudal sub-nucleus of the spinal trigeminal nucleus (Sp5C) (Erzurumulu, 2010) 

(Yonemitsu, 2013). Consistent with this, I found increased c-fos mRNA expression in the 

Sp5C region in heterozygous mice using in situ hybridization staining, but not homozygous 

Trpa1-/- mice exposed to 2MT (data not shown).  Staining was also performed on the 

olfactory bulbs of Trpa+/- and Trpa1-/- mice exposed to 2MT (data not shown), but we were 

unable to find significant differences in the levels of c-fos mRNA expression, including the 

dorsal region of the olfactory bulbs which had previously been implicated in TMT sensation 

(Root, 2014) (Brechbuhl, 2013). 

Next, I performed double staining using c-Fos IHC staining and Trpa1 in situ 

hybridization. As shown in (Figure 8), in the heterozygous Trpa1+/frl mouse TG exposed to 

2MT, cells expressing both Trpa1 mRNA and c-Fos (Figure 8B), as well as cells expressing 

only Trpa1 (Figure 8C) and cells expressing only c-Fos (Figure 8D-E) were detected. I 

quantified these cell types in every TG section I collected and found that in heterozygote 

Trpa1+/frl mice 67% of Trpa1 expressing neurons showed co-expression of c-Fos after 2MT 
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exposure (Figure 8F), and approximately 55% of the activated c-Fos expressing cells co-

express Trpa1, indicated that Trpa1 cells in TG could be activated by 2MT treatment. The end 

result of 2MT sensation is fear and defensive behavior, and this sensation was abolished in the 

absence of Trpa1 in the TG of Trpa1flr/frl mice, potentially directly leading to the diminishment 

of innate freezing behavior. 

Trpa1 in Trigeminal Ganglia is Essential for 2MT Induced Innate 
Freezing 
	  
 

I hypothesized that the Trpa1 expressing cells in the TG are directly related to the 

2MT-induced innate freezing.  To test this, I performed unilateral lesion experiments (ulTGx) 

in one TG in wild type mice and unilateral sham treatment on control mice. Bilateral lesions 

(blTGx) were considered, but ultimately rejected because bilateral lesions during optimization 

were determined to cause too much pain and distress to the animal for behavior testing and 

most mice died after bilateral TG lesion (Figure 9A). One week after surgery, I exposed 

ulTGx and sham mice to 2MT filter paper and measured the freezing rate. As shown in 

(Figure 9D), the freezing rate in the lesion groups were significantly lower compared to the 

sham group, suggesting that TG lesion may diminish 2MT-induced freezing behavior. I 

collected both TG from the mice after the behavioral test and performed hematoxylin and 

eosin staining on the TG to check morphology as well as c-fos in situ staining on the Sp5C 

region. Damaged tissue was observed in the lesion side of the TG, whereas the unlesioned 

side retained normal morphology (Figure 9B). Moreover, in ulTGx mice the number of c-fos 

expressing cells in the ipsilateral side of Sp5C were significantly lower than the undamaged 

contralateral side (Figure 9C, 9D), suggesting that during 2MT exposure, Trpa1-mediated 

signals from TG are transmitted to the Sp5C region and might lead to the 2MT-induced 

freezing behavior. 
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AAV rescue of Trpa1 Rescue Restores Innate Fear Responses to 2MT 
 

In order to investigate whether Trpa1 expressing cells in TG are essential for 2MT 

induced freezing, I bilaterally injected adeno-associated virus expressing Trpa1 (AAV-Trpa1) 

into the TG of Trpa1-/- mice (Figure 10). Bilateral green fluorescent protein injected mice, 

(AAV-GFP) were used as negative controls. Ectopic Trpa1 expression in the rescue group 

resulted in significant increased c-Fos expression upon 2MT exposure in rescue Trpa1-/- mice 

compared to GFP controls (Figure 10B, 10C). The majority of c-Fos expressing TG cells co-

expressed Trpa1 in double staining (Figure 10C). Most significantly, the freezing rate of AAV-

Trpa1 mice was significantly higher than that of AAV-GFP mice under 2MT exposure (Figure 

10D 10E). 

Taken together, the lesion of even one of the two Trigeminal Ganglia is enough to 

significantly reduce freezing rates to 2MT exposure in wild type mice. Furthermore, even 

incomplete restoration of Trpa1 expression by AAV vectors in the TG is sufficient to partially 

rescue innate freezing behavior in Trpa1-/- mice. These observations, indicate that a subset of 

Trpa1 expressing neurons in the TG is critical to 2MT sensation and the resulting innate 

freezing behavior. 

Discussion 
	  

Predator odor-based forward genetic screening provides an unbiased genetic analysis 

of the emotion fear and resulting behavior. The innate ability of detecting sources of danger 

from the environment and initiating appropriate action is vitally important to animal survival. 

These instinctive behaviors do not require learning from previous experience, and can be 

performed immediately after being exposed to the threat for the first time, and are thus 

believed to be genetically regulated. Previous attempts for identifying the critical genes for 

fear regulation were mostly based on specific group of individuals with a specific kind of 
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learned fear or phobia. Although there are studies about several fear-feeding genes (Bredy, 

2014), a comprehensive and un-biased study on fear behavior has not been performed to our 

knowledge. Forward genetic screening is an approach to identify the genetic factors 

responsible for certain phenotypes induced from random mutations. It has been widely used in 

the studies of different fields such as ALS, (Aguzzi, 2019), autism (Takumi, 2010), and sleep 

(Funato, 2016).  

Previous attempts of forward genetics screening on the emotion of fear were not 

successful due to the lack of a robust behavior assay to distinguish abnormal phenotypes. 

Animals have evolved the ability to efficiently detect scents to identify different species and 

to facilitate social interactions, such as detecting pheromones (Brechbühl, 2008), or predator 

odor (Sündermann, 2008). Previous genetic screenings struggled to establish a successful 

behavior system because they used the conditional fear model, which included the process of 

learning and memories, which introduced more and greater variables among individuals 

(Takahashi, 2008). Predator odors induces robust innate defensive behaviors such as freezing, 

avoidance, flight and fighting. This provides a clear-cut read out in the screening system, 

allowing a 3SD screening threshold in behavior tests to be able to separate abnormal 

phenotypes. This is the first successful forward genetic screening on emotion.  We used a 

robust and simple behavioral assay to give a comprehensive look into the possible molecular 

factors controlling innate fear.  

Traditionally, intranasal chemo-sensation has been classified into two different 

systems which co-exist in human nasal cavity, the olfactory system, and the trigeminal 

system. The former was considered as the transduction of odor sensation and perception.  The 

study of the later one focused mainly on the somatosensory innervation of the nose and the 

processing of nociception. Mammals have tens of millions of olfactory receptor neurons 

located in the olfactory epithelium. Odorant chemicals bind to the cilia of olfactory neurons 
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and send signals running to structures called glomeruli in the olfactory bulb, from which 

information is relayed further toward other parts of the brain (Kandel, 2000), (Buck, 1991). 

The trigeminal nerve innervates the nasal cavity with rich branches, and is involved in touch, 

temperature sensation, pain sensation and the perception of atmospheric humidity. (Lang, 

1989), (Dodd,1991), (Gwaltney, 1982). Consistent with our observation that Trpa1 may sense 

cysteine reactive compounds in TG cells separately from the olfactory pathway, previous 

studies noted that anosmic patients have similar detection thresholds for nasal irritating 

chemicals and other odors as control groups. (Cometto-Mu´iz, 1995), (Doty, 1978). Moreover, 

several neuroanatomy studies have suggested that some trigeminal ganglion cells with 

sensory endings in the nasal epithelium also have branches reaching directly into both the 

olfactory bulb and the spinal trigeminal complex (Schaefer, 2002), suggesting the odor stimuli 

to the trigeminal system can also recruit the olfactory system.  

Our forward genetic screen provides strong evidence that Trpa1 regulates innate 

defensive behavior to 2MT and TMT.  Previous research has implicated several different ion 

channels and G-coupled proteins involved in the interaction with predator associated odors. 

For example, trace amine-associated receptor 4 (Taar4) is the primary receptor responsible for 

avoidance behaviors induced by chemicals extracted from carnivore urines (Ferrero, 2011).  

Expression of Trpc2 in the vomeronasal organ is essential for the detection of non-volatile 

major urinary proteins form rats and or cats, and eliciting avoidance behaviors (Papes, 2010). 

My work suggested Trpa1, a chemo-sensor for pungent compounds and temperature sensitive 

non-selective ion channel, as a potential novel chemo-sensor that mediates thiazoline and 

snake skin –induced freezing behavior and other defensive behaviors.  

My study suggested that mice use novel chemoreceptors such as Trpa1 as well as 

conventional odor receptors to detect potentially dangerous chemicals in the environment and 

initiate appropriate behaviors and presented an opportunity to define the possible neuro-
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circuit.  Activated Trpa1 neurons send projections directly to the caudal sub-nucleus of the 

spinal trigeminal nucleus (Sp5C) as well as the olfactory bulb, and can thus initiate a series of 

downstream sensations and perceptions of fear. In my staining results, there are approximately 

50% of c-Fos expressing TG cells not co-expressing Trpa1, suggesting activation of Trpa1 

cells can also co-activate the neighboring cells by secreting certain types of neurotransmitters, 

such as Serotonin (5-hydroxytryptamine; 5-HT) (Nozawa, 2009) (Kung, 2013), (Pagdala, 

2013) and induce other intra-ganglion transmission to recruit different downstream pathways. 

In ulTGx wild type mice, increased c-Fos expression in IHC staining was only seen in the 

undamaged TG and the ipsilateral Sp5C region, not in the Sp5C region on the side of the 

lesion, supporting that the Sp5C region is downstream of TG neurons.   Although I did not 

expect to see the complete diminishment of 2MT-induced innate freezing in ulTGx wild type 

mice like in Trpa1-/- mice, I did observe significantly attenuated freezing rates in ulTGx 

mice, compared to wild type mice and mice that underwent sham unilateral lesion procedures.  

We have suggested that both the trigeminal system and the olfactory system are 

essential for the sensation of fear-inducing predator odor and the regulation of fear behavior.  

Previous studies have suggested the emotional link from the olfactory system is largely based 

on previous experiences and the learning process (Herz, 2003). However, the behavioral 

response via the trigeminal system is immediate and could be induced almost instinctively, 

suggesting that sensation via the trigeminal system is more closely linked to the innate fear 

behavioral output. This can be supported by previous literatures including the strong bright 

light stimulation induces the trigeminal neural pathway regulated eye blink reflex in the 

optical nerve lesion mice (Dolgonos, 2011) and the slow avoidance behaviors to carbon 

dioxide in the larval zebrafish despite the lost function of olfactory system (Koide, 2018), 

implying peripheral stimulation through TG can be independent to olfactory bulb and related 

to innate fear related responses.  
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Questions still remain about whether to classify Trpa1 mediated sensation of TMT and 

2MT as pain or fear.  The conditional fear assay trains animals to associate a neutral stimulus 

with an aversive stimulus, such as electric shocks or LiCl injection that causes pain or 

discomfort. This type of fear is likely built upon the pain-induced fear circuit.  In theory, 

predator odor should trigger a sense of intrinsic danger in the animal and compel 

evolutionarily logical responding behaviors. However, further studies should be conducted 

whether the predator odor sensation stimulus is merged with the perception of pain or not, as 

well as whether the pain perception brain region is the same as the fear perception brain 

region, whether these regions are activated during the predator odor stimulation, how these 

stimuli can be distinguished as fear or pain, and what is the control center that selects the 

behavioral output.	  
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